We built a cryogenic nucleation pulse chamber for measuring homogeneous nucleation rates of argon. First measurements show that the growth rate of argon droplets at nucleation conditions is rather high so that nucleation and growth could not yet be decoupled. Nevertheless, the experiments permit an estimate of the onset of nucleation corresponding to a nucleation rate of J =10 7͑±2͒ cm −3 s −1 at temperatures 52Ͻ T / K Ͻ 59 and supersaturations around S Ϸ 10. Despite their preliminary nature these experiments indicate a severe failure of the classical nucleation theory, which predicts nucleation rates on the order of 10 −28 -10 −13 cm −3 s −1 for the quoted conditions. Recent calculations based on density functional theory can only partially explain the discrepancy. In addition to the first nucleation experiments, we obtained and analyzed growth curves for argon droplets from constant angle Mie-light scattering. The good agreement of the experimental growth curves with model calculations according to Fuchs and Sutugin ͓Highly Dispersed Aerosols ͑Ann Arbor Science, Ann Arbor, MI, 1970͔͒ permits a near-quantitative description of the experimental light-scattering signal. The procedure provides an estimate for the number density of the droplets along with a measure of their polydispersity.
I. INTRODUCTION
Since the fundamental experiments of Wilson 1 ͑1897͒, homogeneous nucleation in supersaturated vapors has been studied with various devices and substances. 2 In general, only the onset conditions of nucleation depending on the sensitivity of the used experimental setup could be measured. In 1965 Allard and Kassner 3 introduced the concept of nucleation pulses for measuring nucleation rates by decoupling nucleation and growth of droplets. Wagner and Strey further developed this principle constructing a nucleation pulse chamber which yields nucleation rates as a function of supersaturation at selectable constant temperature. The current state of the nucleation pulse chamber which underwent a number of improvement steps is described by Strey et al. 4 Many experiments on various condensing vapors and experimental techniques show disparate temperature dependence to the predictions of the classical nucleation theory ͑CNT͒ of Becker and Döring ͑1935͒. 5 Recent refinements of CNT ͑Refs. 6 and 7͒ show better agreement with the temperature dependence of experimental data but are still off by several orders of magnitude at absolute scale ͑e.g., for water, see Ref. 8͒ . Modern approaches such as molecular dynamics ͑MD͒ simulation [9] [10] [11] [12] and density functional theory 13, 14 can predict nucleation rates for Lennard-Jones atoms such as noble gases but usually fail for more complex substances, e.g., alcohols and water. Therefore, there exists the need for homogeneous nucleation rate data for substances such as argon. We designed a cryogenic nucleation pulse chamber to measure homogeneous nucleation rates in supersaturated argon vapor to close the gap between theory and experiment.
Only a few experimental investigations of onsets of homogeneous argon nucleation are reported in literature. First rough data were published by Pierce et al. 15 They measured in a supersonic nozzle an approximated region of critical nucleation conditions ͑onset͒, i.e., the conditions of vapor pressure and temperature at which nucleation can be observed. Similar measurements using an orifice were reported by Lewis and Williams. 16 The onset is defined dependent on the used experimental setup. First onset measurements with a supersonic nozzle ͑onset in these experiments corresponds to a nucleation rate of approximately 10 17 cm −3 s −1 ͒ were performed by Stein 17 and Wu et al. 18 Matthew and Steinwandel 19 used a cryogenic shock tube to measure argon nucleation ͑onset in these experiments corresponds to a nucleation rate of approximately 10 10 cm −3 s −1 ͒. Their results differ largely from the nozzle experiments. More recent argon onset measurements were reported by Zahoransky et al. 20 ,21 using a shock tube. Figure 1 shows the phase diagram of argon including the existing onset data from literature. The unsatisfactory situation is illustrated by the fact that the onset data taken from literature scatter over a wide range of pressure and temperature. The extreme scattering of data points cannot be explained by different onset definitions typical for each experimental method. The necessity of systematic measurements is obvious.
The CNT ͑Ref. 5͒ provides predictions in the form of curves of constant nucleation rates of J CNT =10 5 our new chamber ͑to be described below͒. They are indicated in Fig. 1 . Even though the reported onset data are quite rough, one can already see from this unsatisfactory experimental situation that classical nucleation theory requires much higher vapor pressures for nucleation to occur. In other words, the nucleation rates predicted are much lower compared to the experimental data. It is also evident that some of the experimental data 19, 20 shown in Fig. 1 are very close to or even located on top of the extrapolated liquid vapor pressure curve. This is a typical signature of heterogeneous nucleation. Postulating the formed clusters to be solid, the original authors were lead to refer their data to the solid vapor pressure curve. However, theoretical arguments and MD simulations clearly indicate that argon clusters of the typical size of a nucleus are still liquid at the given conditions. 11 Accordingly, we will advance in Sec. IV a different explanation after we have provided more exact data of the onset of nucleation.
The dotted line in Fig. 1 represents an isentrope resulting from adiabatic expansion with an initial temperature ͑84 K͒ and an initial vapor pressure of 10 000 Pa. These are initial conditions typical for the experiment we are going to present in the following.
The paper is organized as follows. First, we describe the design principles and development of a cryogenic nucleation pulse chamber. Then we show the results of the nucleation experiments. We compare the experimental results with classical nucleation theory which dramatically underpredicts the experimental rates. Finally, a comparison of measured droplet growth curves with droplet growth theory is given.
II. EXPERIMENT
Essential for the experimental investigation of homogeneous nucleation is the preparation of a pure supersaturated vapor in the absence of heterogeneous nuclei. This can be achieved by a decrease in temperature in a vapor/carrier gas mixture by means of a rapid expansion. If the design of the measuring chamber allows neglecting heat flux from the wall in the time range of the expansion, the expansions can be treated as adiabatic and the resulting temperature is given by the Poisson equation. The nucleation pulse chamber developed by Strey et al. 4 fulfills these borderline conditions. Hence the design of that chamber was used as model for the cryogenic nucleation pulse chamber presented here. There are some challenging technical problems which had to be solved in constructing a nucleation pulse chamber due to the extreme operating conditions for condensation of noble gases ͑see Ref. 26͒. It was decided to study argon condensation which means that the chamber temperature had to be in the 100 K range. So the chamber temperature was set by liquid nitrogen ͑−196°C͒. N 2 ͑l͒ was chosen as coolant for cost reasons but it made the use of many common materials impossible. These choices implied that the only reasonable carrier gas was helium. Furthermore, application of the nucleation pulse method demands very fast mechanical response times in the order of milliseconds. This is difficult to realize even at room temperature and much harder at liquid nitrogen conditions. Consequently, a number of innovative features for almost every detail of the cryogenic chamber had to be developed.
A. Principle of operation of the cryogenic pulse chamber
The cryogenic nucleation pulse chamber to be described below in detail is a technical hybrid of the two-piston expansion chamber 27 and the single-piston expansion chamber.
28 Figure 2 demonstrates the modified function of the expansion principle. At the beginning of the experiment the measuring chamber is filled with a vapor/carrier gas mixture ͑Ar in He͒ at the pressure p 0 and the temperature T 0 ͓fixed by N 2 ͑l͒ to about 83 K͔. This mixture is expanded by opening a valve connecting a volume at lower pressure. The pressure drop to p exp results in an adiabatic temperature drop of the gas phase to T exp .
On the right side of Fig. 2 the size distribution N n of clusters containing n molecules is shown schematically. The temperature drop causes a high supersaturation S crit , leading to a size distribution of clusters that extends to larger sizes. The size of the critical cluster n * moves from infinity to a value inside the range of the cluster size distribution. Clusters larger than n * grow spontaneously to macroscopic droplets. This stage of the experiment is the phase of stationary nucleation. It is deliberately terminated by a small recompression of vapor/carrier gas mixture after a few milliseconds. This recompression involves two steps. First the expansion valve is closed to minimize the volume that needs to be compressed. Then the volume is slightly compressed by means of a metallic bellow. Thereby, a small increase in temperature reduces the supersaturation significantly. In this fashion, the formation of new nuclei is quenched but the supersaturation is still high enough so that already formed nuclei can still grow.
The experimental arrangement ͑Fig. 3͒ comprises three subunits: vacuum system, vapor/carrier gas mixing unit and nucleation chamber, which are described in detail in the following sections.
The vapor/carrier gas mixture is prepared in the mixing receptacle R and then piped into the nucleation chamber. The vacuum system can be used for cleaning of the setup with high vacuum and rinsing of the nucleation chamber.
B. The chamber
The cryogenic nucleation pulse chamber is attached to a sidewall of an evacuated insulation box. All pipes and cords are fed through this sidewall. This design allows pulling out the chamber easily from the insulation box for service.
The insulation box and the cryogenic nucleation pulse chamber are thermally disconnected, as shown in a cross section in Fig. 4 . Only the chamber itself is cooled with liquid nitrogen supplied from a 0.8 m 3 Dewar container ͑type CT800H, Cryo Diffusion, Lery, France͒. The insulation box is evacuated ͑pump: Trivac D4B, Leybold Vakuum GmbH, Cologne, Germany͒ and the temperature of its sidewalls can be regulated by means of thermostat ͓type KS20-D, Messgerätewerk ͑MGW͒ Lauda-Dr. R. Wobser KG, Lauda-Königshofen, Germany͔. The mechanics for the expansion and recompression are mounted outside the insulation box.
The central part of the nucleation pulse chamber is shown in Fig. 5 in a cross section. In the center is the measuring volume ͑49.51 cm 3 ; inner 30 mm͒; the exchangeable expansion volume ͑305.18 cm 3 in this work͒ is located on the right-hand side. Measuring and expansion volume are separated by the expansion valve. The expansion shaft is sealed with a bellow against the vacuum of the insulation 
164710-3
Homogeneous nucleation and droplet growth J. Chem. Phys. 124, 164710 ͑2006͒
box. On the left-hand side the metal bellow for the recompression seals against the outside. All movable parts-a source of difficulties to be solved that caused sealing problems at cryogenic conditions-need in total only two seals in the form of stainless steel bellows ͑COMVAT-Membranbalg; VAT Deutschland GmbH, Grasbrunn, Germany͒ which are solidly connected to the neighboring components. The mechanics for the two-step motion of the expansion valve is mounted outside the insulation box. Opening and closing of the valve are controlled by a self-constructed electronic timer.
C. The mixing unit
Argon as condensing vapor and helium as carrier gas are supplied in high purity grade of 6.0 from gas cylinders ͑Linde AG, Höllriegelskreuth, Germany͒ to avoid contaminations with other condensable vapors a priori. Main possible contamination species are water vapor and-at the cryogenic working conditions-also nitrogen and oxygen. To keep the purity of the supplied gases, special pressure reducing regulators have to be used. For argon the used regulator ͑type FMD 500-16 E B K6 6, Linde AG, Höllriegelskreuth, Germany͒ operates in the range of 0.2-3 bars and for helium in the range of 2.5-50 bars ͑type FMD 500-16 E E K6 6, Linde AG, Höllriegelskreuth, Germany͒.
The mixing unit is designed for the preparation of vapor/ carrier gas up to 2.5 MPa total pressure. The vessel for the mixture is a 10 dm 3 gas cylinder made from aluminum ͑Linde AG, Höllriegelskreuth, Germany͒ and is mounted in a plastic vessel filled with a water/car-coolant mixture. The temperature of the mixture is controlled by a thermostat ͑type RCS20-D, Lauda-Dr. R. Wobser GmbH & Co. KG, Lauda-Königshofen͒ set to 20°C.
Important for exact measurements is the precise determination of the mixing ratio of vapor and carrier gas during preparation. The pressure in the mixing vessel is measured with a MKS-Baratron pressure sensor ͑type 690ARCTRB, MKS Instruments Deutschland GmbH, Munich, Germany͒ in connection with the appropriate display unit ͑MKS signal conditioner 270D-4͒.
D. The vacuum system
The used vacuum system Leybold PT 151 Dry ͑if no other information is given, all parts of the vacuum system were supplied by Leybold Vakuum GmbH, Cologne, Germany͒ is capable of two modes of application. First, high end vacuum can be achieved for cleaning the mixing vessel ͑ap-proximately 7 ϫ 10 −7 mbar͒ and the complete setup ͑approxi-mately 10 −6 mbar/cleaning mode͒. Second, the rough vacuum pump allows constant high inlet pressure. This is necessary to rinse the chamber with the vapor/carrier gas mixture between the individual measurements.
The vacuum system consists of an oil-free piston pump ͑EcoDry M 15͒ as rough vacuum pump and a turbomolecular pump with DN 100 ISO-K flange ͑Turbovac 151, type 85631͒ controlled by an electronic frequency converter ͑Tur-botronik NT 20͒. Pressure at rough vacuum is measured with Pirani gauge ͑TTR 90 S͒ and at high vacuum with a Penning transmitter ͑PTR 225 S͒. Data are displayed by the operating and display unit for vacuum transmitters Combivac IT 23.
The vacuum pipes have basically DN 25 ISO-KF flanges. The manually actuated angle valves ͑type EV 025 SA͒ are made from aluminum; the angle valve ͑type EV 025 SX͒ between the mixing vessel and the vacuum system is made from stainless steel and is laid out for pressures up to 5 MPa. In the measuring mode an additional pipe bypasses the turbomolecular pump.
E. The measuring system
In nucleation experiments the change of pressure and the transmitted and the scattered light have to be measured and recorded as a function of time. For data acquisition a Pentium personal computer ͑PC͒ equipped with an analog-todigital ͑A/D͒ converter board ͑type PCI-9812, ADLink Technology Inc., Taipei, Taiwan͒ is used.
The change in pressure is detected with a piezo pressure transducer ͑type 7031, Kistler Instrumente AG, Winterthur, Switzerland͒. A charge amplifier ͑type 5011B, Kistler Instrumente AG, Winterthur͒ converts its signal into voltage.
The droplets formed during an experiment are detected by constant angle Mie scattering ͑CAMS͒ at a scattering angle of = 15°. 29 This technique has proven its reliability in a nucleation pulse chamber for many years. 4 A polarized HeNe laser ͑type LK63190P, LG Laser Technologies GmbH, Kleinostheim, Germany͒ is used as light source. The scattered light is detected with a photomultiplier ͑type H5784-01, Hamamatsu Photonics Deutschland GmbH, Herrsching, Germany͒ and the transmitted light with a photodiode ͑type Centronics OSD50-5T, Laser Components GmbH, Gröben-zell, Germany͒. Figure 6 shows all sensors in a cross section of the cryogenic nucleation pulse chamber.
The appropriate design of the optics at the cryogenic conditions was a difficult task. The main purpose of the insulation box is to avoid condensation on the optical windows. To this end the insulation box is evacuated and its walls are temperature controlled up to 313 K with a thermostat. To avoid heat conduction between the walls of the insulation box and the nucleation chamber all the optical guides have to be thermally decoupled. Concurrently, the radiation of parasitic light has to be excluded. The arrangement shown in Fig. 6 ensures these features.
At the beginning of an experiment, the pressures in the measuring and expansion volumes as well as the temperature of the gas phase have to be determined. The pressure in the measuring volume is measured with a MKS-Baratron pressure sensor ͑type 690A14TRB, MKS Instruments Deutschland GmbH, Munich, Germany͒ in connection with the appropriate display unit ͑MKS signal conditioner 270D-4͒ located outside the insulation box. The pressure in the expansion volume is determined with a pressure sensor ͑PMP 4010, Druckmesstechnik GmbH, Bad Nauheim, Germany͒ connected to the vacuum pipe of the expansion volume. The signal of the sensor is converted and displayed in kilopascal units by a digital voltmeter ͑type 3456A, Hewlett-Packard Corp., Loveland, CO, USA͒.
The temperature in the gas phase is measured with an open tip type T thermocouple ͑type HTMTIN-M100E-150-IEC, Newport Electronics GmbH, Deckenpfronn, Germany͒. For control purposes a type K thermocouple ͑type HKMTIN-M100U-100-IEC, Newport Electronics GmbH, Deckenpfronn, Germany͒ is mounted inside the chamber wall. Chips of type AD595 ͑Analog Devices Inc., Norwood, MA, USA͒ compensate and amplify the signals of the thermocouples which are read into the PC and converted into temperature outputs ͑uncertainty of ±0.5 K͒ by calibration functions. As fix points for the calibration functions the boiling points of nitrogen ͑77.35 K͒, argon ͑87.4 K͒, and oxygen ͑90.20 K͒ and the sublimation point of CO 2 ͑194.70 K͒ were used. More fixed points at higher temperatures were obtained by an ordinary thermostat.
F. Preparatory steps for the experiments with argon vapor
The cryogenic nucleation pulse chamber allows two types of modes of operation. First, the application of nucleation pulse which is designed to decouple nucleation and droplet growth for the determination of nucleation rates. Second, the vapor-carrier gas mixture may only be expanded to determine that temperature at which nucleation occurs ͑on-set͒. In the following, the preparations and procedures for such nucleation experiments with argon are described.
Prior to every set of experiments the whole setup is evacuated with the turbomolecular pump ͑about 10 −6 mbar͒. Better vacuum ͑about 7 ϫ 10 −7 mbar͒ in the mixing vessel is obtained after closing of valves V K ͑cf. Fig. 3͒ . After closing the combined high pressure/vacuum angle valve and turning off of the turbomolecular pump a well-defined amount of the vapor ͑argon͒ is admitted to the mixing vessel using metering valve V N1 . The pressure in the vessel is read after 15 min to let establish equilibrium. The argon in the pipes is pumped out with the rough vacuum pump ͑valves V K2 and V K3 have to be opened͒. After closing V K2 and V K3 the carrier gas ͑helium͒ is added to the mixing vessel using V N1 . The total pressure in the mixing vessel is determined after another 15 min.
The cooling of the chamber is started. After reaching an almost constant temperature below 85 K the piezopressure transducer has to be calibrated. To this end helium is inserted into the chamber controlled with valve V He ͑V K4 and V Z1 have to be opened͒. V Z1 is closed and a defined pressure in the measuring volume is set using the needle valve V N2 ͑with the expansion valve closed and V Z2 open͒. Subsequently, V H is closed and the expansion volume evacuated using V Z3 which is also closed afterwards. Before and after opening the expansion valve the pressure is measured with the Baratron of the measuring volume. At the same time, the expansion is recorded with the piezopressure transducer. If both kinds of measurement differ after several expansions by more than 0.2% a new calibration factor is set at the charge amplifier.
The new factor is checked by repetition of the calibration procedure. After each cooling of the chamber starting at room temperature, the calibration of the pressure transducer is repeated in order to keep track of irreversible changes.
G. Measurements
At the start of an onset experiment the valves V K2 , V K4 , V Z1 , V Z2 , V Z3 , V H , and V K5 are open and the cooled chamber is rinsed with the vapor/carrier gas mixture using the rough vacuum pump. The mixture is precooled in a heat exchanger before entering the chamber. The pressure in the chamber is controlled using two valves V N1 and V N2 . The expansion valve is closed and the expansion volume evacuated. After about 5 min steady-state conditions are established. V Z1 is closed and the pressure in the measuring volume is adjusted with V N2 . The pressure is read after V H is closed. After closing V Z2 and V Z3 the data acquisition is initiated, determining the temperature in the gas phase in the chamber. The expansion valve is opened. The growing droplets are detected by light scattering under an angle of 15°. Simultaneously, pressure and transmitted light are also recorded as a function of time. After the expansion, the expansion valve is closed and the chamber valves V Z are opened. Before the next experiment the measuring volume is flushed at the desired starting pressure p 0 to clean the chamber.
The nucleation pulse experiments are conducted in a similar way. The main difference is that a preselected pressure has to be set in the expansion volume using V N3 . This enables an expansion of the desired depth ⌬p leading to the conjunct nucleation temperature. Approximately 4 ms after reaching the expansion minimum the recompression is released with the bellow. Simultaneously, the expansion valve is closed again to separate the expansion volume from the measuring volume. The expansion causes the supersaturated vapor to nucleate. The gentle recompression shall quench further nucleation but still allow the already formed droplets to grow. After the experiment all chamber valves are opened and the chamber is flushed for approximately 5 min.
III. RESULTS

A. Nucleation pulse experiments
The nucleation pulse experiment provides as measurable the actual pressure, the intensity of scattered light under an angle of 15°, and the transmitted light as a function of time.
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Homogeneous nucleation and droplet growth J. Chem. Phys. 124, 164710 ͑2006͒ Figure 7 shows an experimental data set of an experiment with an argon-helium mixture of v = 10.05%. v is the ratio of argon vapor pressure and total pressure. The initial total pressure of p 0 = 100 kPa drops to the pressure in the expansion minimum p exp . After the time interval ⌬t exp , the pressure increases to p rec due to the recompression. The temperature at any time of the expansion T exp is calculated by means of the Poisson equation
͑1͒
It should be noted that both argon and helium are noble gases and the ratio of heat capacities is exactly 5 / 3. Although the sophisticated mechanics provides pressure pulses for the first time in cryogenic systems, nucleation pulse experiments suffered from experimental difficulties and principle limitations. The minimum pulse length ⌬t exp of approximately 4 ms reached in some experiments is very short for cryogenic systems, especially if compared to the overall duration of the expansion ͑around 10 ms͒. This expansion time is, however, comparatively long for characteristic expansion times of approximately 4 -5 ms reached in the other nucleation pulse chamber. 4 However, they are reasonable because of the expansion ratio p exp / p 0 of 0.35, necessary for the observation of argon nucleation, whereas the characteristic expansion ratio of the nucleation pulse chamber 4 is only 0.7. The smaller pressure drops are feasible because the option of choosing a variable chamber temperature permits experimental starting conditions closer to the equilibrium vapor pressure curve. The chamber temperature in the cryogenic nucleation pulse chamber on the other hand is fixed due to the cooling by liquid nitrogen.
In summary, technically the pulse lengths were hard to handle. But also in technically perfect experiments no reproducible results could be obtained. The reason turned out to be the fact that the growth of the argon droplets was much faster than anticipated and the growth occurred already during expansion before the pressure minimum was reached. Therefore, only an expansion ⌬p could be identified at which the scattered light signal reproducibly indicated nucleation. However, the detected light-scattering signal neither could be reproduced in its qualitative shape nor did it agree with the expected structure of the scattering curve calculated from Mie theory ͑cf. Fig. 8͒ . Also, a variation of between 1% and 20% could not improve the experimental situation.
Nevertheless, these first nucleation pulse experiments provided us with an interesting insight: Experiments in which no recompression at all was performed also showed nucleation and this in a very reproducible fashion. Therefore, we exploited this aspect systematically and performed experiments which for distinction are called onset experiments.
B. Onset experiments
In the onset experiments the vapor-carrier gas mixture is expanded into vacuum and no recompression is performed. If sufficient supersaturation is reached during expansions the intensity of the scattered light I scat will start to increase due to the growing droplets. If the growth process is so rapid that the moment of nucleation and the time of a discernible increase of the scattering signal are close, the latter point of the scattering signal may be used as sufficiently accurate definition for the onset of nucleation.
In this work onset experiments with four argon concentrations ͑ v = 19.66%, 14.63%, 8.46%, and 4.97%͒ were conducted. Figure 9 shows a typical onset experiment ͑ v = 8.46% ͒. The onset pressure p onset is determined as the point of time t onset where the scattering signal significantly deviates from the noisy base line. The onset vapor pressure p v,onset is then calculated as the product of the starting vapor pressure p v,0 and the expansion ratio p onset / p 0 . The respective expansion ratio is used for calculating the onset temperature T onset according to Eq. ͑1͒.
The scattering signal sharply deviates from the base line ͑see Fig. 9͒ . Thus nucleation conditions are determined easily. As a function of time, the scattering signal shows a clear structure of extrema as expected from Mie theory ͑cf. Fig. 8͒ . The first four maxima can clearly be identified by their height ratios.
A change in initial total pressure p 0 at constant v leads either to an earlier or later occurrence of the onset. In experiments with larger p 0 , onset occurs already in the steep part of the expansion curve and fewer maxima can be observed. This is because of deeper penetration into the supersaturated region. Therefore, higher nucleation rates are achieved leading to a higher number density of droplets. Accordingly, growth is focused on a shorter time interval with faster vapor depletion. Associated is an increase of the gas phase temperature due to latent heat of condensation which in addition more rapidly quenches the growth process at smaller droplet radii. In experiments with lower p 0 , the expansion curve is less steep due to the smaller difference in pressure between the measuring and the expansion volume. Due to the smaller vapor pressure nucleation occurs at lower temperatures, i.e., at the end of the expansion. When nucleation occurs in this flat part of the curve, Mie extrema tend to superimpose. The superimpositions-indicating a higher degree of polydispersity-are stronger the closer to the end of the expansion curve nucleation onset occurs. A reason for this behavior might be longer nucleation times and accordingly smaller number densities.
In summary, the onset experiments can be interpreted as follows: At high starting pressures high nucleation rates and thus high number densities of droplets occur. These systems are self-quenching due to latent heat of condensation and vapor depletion within a small time interval. Thus, the resulting aerosol is less polydisperse and droplet growth is terminated at smaller droplet radii. At lower starting pressures nucleation rates and the number densities are smaller and the self-quenching effect occurs later and smeared out over a longer time interval. Hence, the time range of nucleation is longer and a more polydisperse aerosol is formed. Both effects lead to a decreasing nucleation rate. Therefore, care must be exercised when comparing the estimated nucleation rate to theory.
IV. DATA ANALYSIS AND DISCUSSION
A. Nucleation behavior of argon
The onset experiments let to 183 data points of vapor pressure and temperature at which signs of nucleation could be determined ͑see Table I͒ . The data points provide a coherent set of onset data ͑triangles in Fig. 10͒ , especially if compared to the 73 data points taken from literature. [17] [18] [19] [20] [21] The data cover a temperature range from 49 to 60 K and a pressure range from 800 to 10 000 Pa. The lowest temperature T exp = 49 K is the minimal expansion temperature accessible with the present setup and the chamber temperatures of approximately 83.6 K. This minimal temperature is fixed by the maximal expansion ratio limited by both the measuring and expansion volumes. At high temperatures the data measured in this work agree with the newer data measured by Zahoransky et al. 21 ͑dotted squares͒. The data at the low temperature end agree with some data points from an earlier work of Zahoransky et al. 20 ͑squares͒. However, other data points from this group are close to the extrapolated vapor pressure curve of liquid argon, which in our opinion indicates heterogeneous nucleation.
B. Estimate of a nucleation rate and comparison with nucleation theory
In nucleation pulse experiments the relative scattering intensity of the first Mie maximum yields the number density of droplets N d ͑cf. Ref. 4͒. The nucleation rate J results from division of N d by the time range of the expansion minimum ⌬t exp ,
As explained in Sec. III A, the nucleation pulse experiments did not lead to identifiable scattering signals. Thus, N d could not be determined. Also the pressure pulse did not define the time interval of nucleation. Rather the system quenches itself. The onset experiments were therefore performed as simple expansion and thus the time range of quasistationary nucleation conditions ⌬t exp is not fixed. In addition, the resulting aerosol is not monodisperse and hence N d cannot be determined exactly. However, by making use of some assumptions resulting from the experience with the nucleation pulse chamber, 4 a nucleation rate can be estimated from the onset experiments.
In many onset experiments clearly separated Mie extrema can be observed in the scattering signal ͑e.g., Fig. 9͒ . 
164710-7
Homogeneous nucleation and droplet growth J. Chem. Phys. 124, 164710 ͑2006͒ TABLE I. Onset data for argon nucleation in helium for four different argon concentrations v . T 0 is the temperature before expansion, p 0 is the total pressure before expansion, p v,0 is the vapor pressure before expansion, p onset is the total pressure at onset conditions, p v,onset is the vapor pressure at onset conditions, and T onset is the temperature pressure at onset conditions. The ratios of the relative heights of the maxima correspond to a Mie-scattering calculation using the extrapolated refractive index of the liquid phase ͑Fig. 8͒. This indicates a selfquenching of the nucleation, as discussed in Sec. III B. Additionally, it can be concluded that the time range of nucleation is shorter than the time difference between the deviation of the scattering signal from its base line ͑t onset = 16.69 ms for the experiment shown in Fig. 9͒ and the occurrence of the first Mie maximum because otherwise the Mie extrema would superimpose due to high grade of polydispersity. It is obvious that nucleation begins shortly before the deviation of the scattering signal. Nucleation has to be quenched before the first maximum is reached as otherwise the first and second Mie maxima would not be separated. Hence, the end of the time range of nucleation is approximated by the left inflection point of the first Mie maximum ͑t end = 17.41 ms for the experiment shown in Fig. 9͒ . An analysis of the supersaturation as a function of time t for the experiment shown in Fig. 9 allows estimating the start of the time range of nucleation. As supersaturation increases dramatically during the expansion, nucleation onset, indicated by a deviation of the scattering signal from its base line, takes place at a supersaturation of S onset = 11.46 in this experiment. Few percent lower supersaturation leads to negligible nucleation rates. Thus, the significant supersaturation for nucleation is set arbitrarily to 95% of S onset . This yields the start of the nucleation time range t start = 16.43 ms. The difference between t end and t start can be approximated as ⌬t to be used in Eq. ͑3͒. However, it has to be noted that ⌬t Ϸ 1 ms is not a time range of quasistationary nucleation conditions as in the nucleation pulse experiment but simply a rough estimate of the time range in which nucleation must have taken place.
In addition it is known from the nucleation pulse chamber 4 that application of CAMS at an angle of 15°allows measurements of droplet concentrations in the range of 5 ϫ 10 2 Ͻ N d /cm −3 Ͻ 5 ϫ 10 6 . The optics of the cryogenic nucleation pulse chamber is analogous to the nucleation pulse chamber. 4 Therefore a very similar measuring range is to be expected. Also the scattering signal shows the typical Mie scattering. In the onset experiments at high p 0 the scattering signal is comparable to the calculated Mie-scattering signal. We are safe to conclude that the generated number densities of droplets are in the range of the classic nucleation pulse chamber. 4 A division of a droplet number density referring to the center of our measuring range N d Ϸ 10 4 cm −3 by the duration of nucleation ⌬t Ϸ 1 ms leads to an estimate of the nucleation rate of J =10 7 cm −3 s −1 . The maximum error of this estimate is presumably not more than plus or minus two orders of magnitude. As mentioned before, the data at higher p 0 are the more trustworthy as they refer to a short ͑natural͒ nucleation pulse of roughly a millisecond. Figure 11 shows the predictions of the nucleation rate according to the theories of Becker and Döring 5 ͑CNT͒ and Girshick and Chiu 6 ͑GC͒ as a function of supersaturation at two temperatures representing the upper and lower ends of the measured onset range ͑52 and 59 K͒.
These predictions ought to be compared to the estimated nucleation rates. The corresponding supersaturation for these data points is calculated from the onset fit function and the vapor pressure curve for the two temperatures. The error for smaller S results from the difference between S onset and 95% of S onset and for larger S from the difference between the supersaturation at the inflection point of the first Mie maximum and S onset . The error in S decreases if temperature increases. For the experiment shown in Fig. 9 errors of −⌬S = 0.58 and +⌬S = 5.7 result exemplarily. Fig. 1 including the data measured in this work ͑full triangles͒.
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As Fig. 11 illustrates, the error in J of plus or minus two orders of magnitude is negligible compared to the discrepancies of the theoretical predictions. At constant S, the predicted rate according to CNT is 35 orders of magnitude lower at 52 K and 20 orders of magnitude lower at 59 K, respectively. The shift of the GC theory is in the direction of reducing the discrepancy but the nucleation rate of GC is still to low by 28 ͑at 52 K͒ and 14 ͑at 59 K͒ orders of magnitude. This gap cannot be explained even if the experimental error of plus or minus two orders of magnitude is taken into account.
Density functional calculations by Oxtoby and Evans 31 predict densities in the core of a critical cluster smaller than the density of the bulk phase. Also the density decreases continuously form the core to the surrounding vapor phase. The density functional approach leads to a nonclassical work of formation of a critical cluster which vanishes at the spinodal in contrast to the classical theory. Hence, there must be a transition region between binodal and spinodal in which the nonclassical work is smaller than the classical work. 32 As a result, nonclassical nucleation rates in this region are several orders of magnitude higher than the classical nucleation rates ͑see also Refs. 33-35͒. Accordingly, the nonclassical correction predicted by density functional theory tends towards the experimental data of this work.
C. Growth behavior of argon droplets
The scattering signal of the experiment presented in Fig.  9 shows significant Mie maxima as expected from Miescattering calculation ͑cf. Fig. 8͒ . The scattering calculation yields defined radii for each of the extrema, as given in Table II .
Identifying these radii to the times at which the extrema occur in the experiment gives a sequence of r͑t͒ data points forming a droplet growth curve. The time point of onset t onset is approximated as starting time of experimentally observed droplet growth. In the scattering signal of the experiment shown in Fig. 8 , four Mie maxima can be identified. This means that the scattering signal is good for seven data points of a growth curve given in Table III .
The droplet growth algorithm of Fladerer and Strey 36 based on the droplet growth theory of Fuchs and Sutugin 37 allows calculations of droplet growth curves also in highly supersaturated systems. 38 It takes into account the change in system, the droplet temperature as well as the vapor depletion. The system conditions at the time t onset are taken as starting conditions. The small change of system temperature due to the continuing expansion after t onset was not included. As the number density of droplets is the only free ͑but unknown͒ parameter, several droplet growth curves with various droplet concentrations were calculated. Figure 12 shows a comparison of the experimental data points according to Table III with calculated growth curves for different number densities. Setting t onset = 0 for the comparison is not useful because even the first experimental Mie maximum is broadened due to polydispersity. Hence, the values for the t axis in Table III were recalculated for Fig. 12 in a way that the times, at which the droplet size represented by the first Mie maximum is reached, of both experiment and calculation agree.
All calculated growth curves agree in the early time range and match the experimental data. At later times the calculated growth curves approach a certain limit-the final droplet radii. This limit is smaller the higher the number density of droplets Fig. 9 . The first column contains the times t͑⌬t = ± 0.1 ms͒ at which the Mie extrema occur in the experiment ͑with respect to the time of onset͒ and the second column the corresponding radii r͑⌬r = ± 0.1 m͒. = 100 000 cm −3 shows best agreement with the experimental data. This number density of droplets is in the range discussed in Sec. IV B.
From knowing the radius as a function of time ͑e.g, by means of a calculated droplet growth curve͒ the corresponding Mie-scattering signal as a function of time is accessible, i.e., coupling of the calculated growth curve r͑t͒ with the scattering calculation I scat ͑r͒ allows comparing calculated scattering curve to the experimental scattering signal.
The time dependent scattering curve was calculated using a scattering code of Szymanski 30 and the droplet growth algorithm of Fladerer and Strey. 36 The degree of polydispersity of the aerosol is free parameter in these calculations. Figure 13 shows a calculation ͑solid line͒ with 6% polydispersity in comparison to the experimental scattering signal ͑circles͒. The absolute value of the height of first maximum of the calculation was normalized to the experimental value.
As can be seen, not only the times of occurrence of the maxima agree well but also the heights of the first three maxima agree. The fourth maximum in the scattering calculation is slightly higher than the experimental data. A reason for this might be a varying polydispersity as a function of time. This variation may occur due to different fractions of the aerosol moving through the chamber and the scattering volume. After the fourth maximum the superimposition of all higher maxima takes place due to polydispersity resulting in a featureless scattering curve of both experiment and calculation. A variation of the grade of polydispersity in the calculation leads to more visible maxima ͑2% polydispersity and less͒ or fewer maxima ͑10% polydispersity and higher͒. Therefore, the approximately 6% polydispersity seem to be a reasonable good choice for the generated aerosol. The experimental data shown in Fig. 9 are therefore in every respect qualitatively explained. This fact lends support in the estimate of the time of onset of nucleation as well as of the order magnitude of the number density of droplets estimated.
V. CONCLUSIONS
The analysis of droplet growth in the onset experiments illustrates why the nucleation pulse experiments could not yield interpretable scattering signals and hence did not allow direct measurements of nucleation rates: Droplet growth at nucleation conditions for argon is too fast to decouple nucleation and growth by the pressure pulse. The second Mie maximum representing a droplet size of 1.2 m occurs less than 2 ms after onset. The presently fastest expansion time of 12 ms and shortest time range of the expansion minimum ⌬t exp of about 4 ms are still too long and thus prevent decoupling. At this point it is important to realize that calculations of the growth rates ͑which are almost quantitatively possible as shown above͒ could not be of guidance in constructing the chamber because the onset of nucleation and herewith temperatures and supersaturations were unknown a priori, since existing data were so scattering ͑cf. Fig. 1͒ . Had one alternatively trusted classical nucleation theory a complete misleading had been the result ͑as obvious from Figs. 10 and 11͒. We had to build the chamber, measure and see.
Based on experience gained in the present work, there are several starting points for optimizing the experiments in the cryogenic nucleation pulse chamber in future investigations. Even if the experimental setup is state of the art, by new constructive features an increase of the expansion rate and a shortening the pulse could be achieved. A shortening of the pressure pulse to 1 ms may be hard but not impossible. However, both measures will still not be sufficient to decouple nucleation and growth at the nucleation conditions found in this work, because the growth rate of the droplets is so high. A solution may be experiments at lower temperatures. This would allow experiments with lower vapor pressures. Both lower temperatures and lower vapor pressures will decrease the droplet growth rate. The same effect can also be achieved with higher carrier gas pressures or other carrier gases than helium. The choice of the latter one is 
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Homogeneous nucleation and droplet growth J. Chem. Phys. 124, 164710 ͑2006͒ dictated by the immense costs of neon and the risk of cocondensation of the carrier gas. However, faster pressure pulses and slower droplet growth may finally lead to a decoupling of nucleation and growth and hence a direct measurement of nucleation rates of argon. In the meantime, the easy and routinely feasible application of the onset experiment allows an extension of the current investigation to lower temperatures. Also, other substances than argon condensing at cryogenic conditions may be investigated. For example nitrogen as a simple molecule is a system of theoretical interest which has poorly been studied experimentally. 39 A broad and consistent nucleation data set for cryogenic systems is still missing but a first step has been achieved.
